The measurement of ionic dialysance by conductivity variation is an established method in diffusive hemodialysis. To extend the validity of this method for use in highly convective therapies, such as online hemodiafiltration, we derived a new model for the measurement of ionic dialysance. This method was validated in a study involving 12 patients on pre-and postdilution online hemodiafiltration under various conditions. Clinically, there was a very good agreement between the dialysance determined by conductivity variation and blood side urea clearance. Neither the dilution modes nor the flow rate of the substitution fluid was found to significantly influence this agreement. Our results show that ionic dialysance can be easily and precisely measured by conductivity variation, and this provides an excellent surrogate for urea clearance even in highly convective therapies.
Pre-and post-treatment arterial blood samples allow the dose of dialysis to be quantified as the value of Kt/V without the need to know K or V. 1 In more recent years, dialysate side methods such as ionic dialysance have been developed, which eliminate the need for blood sampling. These methods, which are based on conductivity (CD) variation, [2] [3] [4] [5] [6] [7] [8] have been shown to provide an accurate approximation to urea dialyzer clearance. Although recently a clinical study showed a good coincidence of Kt/V measured by CD variation and blood sampling in online hemodiafiltration (OL-HDF), 9 a direct comparison of ionic dialysance with blood-side clearance has been made only in standard hemodialysis (HD) treatments. 6, 7 Meanwhile, there continues to be a growing interest in OL-HDF due to its superior middle-molecule clearance and associated better survival. 10, 11 This has been the primary motivation for development and validation of a model for dialysance that is applicable in highly convective OL-HDF.
In purely diffusive HD, the dialysance D diff is defined by:
(Q b , Q f : blood, ultrafiltrate flow; c bi , c bo : blood inlet, outlet concentration; c di : dialysate inlet concentration). However, Equation (1) does not account for net ultrafiltration. 4 Thus, the definition of dialysance has to be modified appropriately:
By contrast with HD, in OL-HDF, a substantial proportion of the mass transport is due to convection. Nevertheless, Equation (2) does not describe the mechanism of the solute removal process itself. Two treatments have the same efficiency with respect to the blood side if they yield the same blood outlet concentration c bo with given treatment parameters (Q b , Q f , c bi , c di ). Figure 1 shows the fluxes at the inlets and outlets of a dialyzer for an OL-HDF configuration.
As it is not necessary to know the details of the internal exchange processes inside the dotted box, which represents the dialyzer, the dialysance of an OL-HDF system can be calculated by Equation (2).
In the measurement of ionic dialysance, a transient bolus of dialysate is generated with small variations in dialysate inlet CD around a baseline value. The CD bolus is injected on the dialysate side before the dialyzer inlet and the response of the system recorded by a CD cell in the outlet. 13 No measurements are required on the blood side.
To determine ionic dialysance from dialysate side quantities only, all blood-side quantities, namely Q b , c bi , or c bo , must be eliminated by observing the mass balance for a specific solute (urea for example) in OL-HDF (Figure 1 ). In OL-HDF, the substitution fluid is drawn directly from the dialysate. Consequently, fluxes into and out of the dotted box in Figure 1 must be conserved regardless of whether pre-or postdilution HDF is employed.
In this equation, M(t) is the total mass of the solute contained in the dotted box in Figure 1 , including the dialyzer as well as the OL-HDF pump, filters, and tubing. The total substitution flow Q s is the sum of the pre-and postdilution flows Q pre and Q post .
During the dialysance measurement, which lasts for about 10 min, Q d , Q f , and Q s are maintained constant. The measurement time is sufficiently short, so that c bi and D tot may be assumed to be constant. Using Equation (3) to eliminate c bo in Equation (2) yields
where (t) denotes all quantities that vary with time.
Under steady-state conditions in standard HD, M(t), c di (t), and c do (t) are all constant and Q s is zero. Equation (4) is then identical to that derived by Petitclerc et al. 4 Before the bolus is generated, all concentrations are in a steady state. Therefore, M(t), c di (t), and c do (t) take on constant initial values given by M(0), c di (0), and c do (0), respectively. Once the measurement is complete and the bolus has been completely cleared from the system, the same steady-state concentrations are attained once again. Integrating the difference between c do (t) and c do (0) over the duration of the bolus, Equation (5) is obtained:
In the implementation of the Online Clearance Monitor (OCM), the duration of the bolus is approximately 2 min on the inlet side. On the outlet, the integration time is approximately 6 min. This assures that the effect of access and cardiopulmonary recirculation on the measured clearance is included.
Clinical validation trial
A clinical trial was performed at Lapeyronie Hospital, University of Montpellier, France. Twelve patients with endstage renal disease participated in the study and informed consent was given. The study was conducted according to the Declaration of Helsinki Principles and was approved by a local ethical committee. All patients were treated with OL-HDF for 240 min three times a week using two dialysis machines (4008 On-line plus, Fresenius Medical Care, Bad Homburg, Germany), equipped with an OCM. High-flux polysulfone (Fresenius Medical Care) hemodialyzers (FX80 and HF80 in 28 and 32 measurements, respectively) were used. Blood urea and hematocrit were determined by conventional methods. Arterial and venous blood samples were taken immediately after each OCM measurement at 30, 130, and 180 min after the start of the treatment. In these samples, the blood flow was kept constant at its prescribed value and periods of reduced clearance due to pressure-holding tests, alarms, and so on were avoided. These samples provided a reference for the clearance of the dialyzer alone, still without the effect of recirculation. A specially designed venous blood tube featuring a supplementary blood sample port between the postdilution connection point and the venous bubble trap allowed venous blood samples to be withdrawn after mixing with the substitution fluid. Total recirculation was measured by a Blood Temperature Monitor (BTM, Fresenius Medical Care). Inlet and outlet dialysate CD, blood flow, dialysate flow, substitution rate, and ultrafiltration rate as well as the alarm status of the machine were continuously recorded. The OCM measurement interval was set to its minimum of 25 min.
Sixty OCM measurements were used for data analysis. Forty-eight OCM measurements were excluded due to technical problems. In 37/60, the OL-HDF mode was in postdilution. The remaining 23 measurements were in predilution. Mean effective blood flow rate was 329 ml min (min, 225; max, 390), as measured by a Doppler ultrasound flow meter (Transonic Systems HD01). Mean dialysate flow rate at the dialyzer inlet was 674 ml min À1 (min, 569; max, 755). The mean substitution rate Q S was 145.8 ml min À1 in the case of predilution OL-HDF and 75.1 ml min À1 for postdilution OL-HDF. Mean hematocrit was 41% (min, 35%; max, 53%). The mean total recirculation was 8% (min, 4%; max, 14%). Figure 2 compares the ionic dialysance measured by OCM with the corresponding blood-side urea clearances, corrected for recirculation 4 and hematocrit. 14 The mean deviation between OCM and laboratory reference was 0.7% with a standard deviation of the difference of 6%. The error was slightly higher in HDF predilution than in postdilution, but this error was not significant. Further results are reported in Table 1 .
The Bland-Altman plot shown in Figure 3 revealed no systematic dependency of the error between blood urea clearance and OCM clearance with the magnitude of the clearance irrespective of the dilution mode. This demonstrates that the OCM algorithm can be expected to perform well even under the conditions of a high convective to diffusive clearance ratio.
CONCLUSION
The new model allows dialyzer clearance to be determined even in the case of highly convective OL-HDF. Rather than analyzing the dialysance of the dialyzer alone, the dialyzer and the generation and mixing of the substitution fluid may be regarded as a combined system, obviating the need for detailed knowledge of the internal mass transfer processes. Based on this model, dialysance can be measured easily by controlled variation of the inlet dialysate CD in the form of a bolus.
Our clinical study showed that CD variation by OCM provides an accurate measurement of urea clearance in highly convective pre-and postdilution OL-HDF independently of the substitution flow rate. This method facilitates constant and continuous control of the dialysis dose actually delivered in an inexpensive, non-invasive, and fully automatic manner without influencing other patient parameters or causing interruption of the treatment session. Although not studied here, the theory includes the case of mixed predilution and postdilution HDF. 15 It would be very interesting to prove this in a further clinical study.
Further studies on large numbers of patients are needed to assess the impact of this method on the improvement in dialysis efficacy and possible reduction of morbidity and mortality. 
